unacceptable. As a result, most arboriculture industry standards discourage wound treatment 1 (Anonymous 2008).  2   3 Biological control agents, however, offer a promising alternative to traditional wound treatments. In 4 particular, many fungal antagonists have been selected from the genus Trichoderma for biological 5 control of plant diseases, including economically important fungal pathogens affecting fruit trees 6 (Ricard and Highley, 1988) and conifers (Kallio and Hallaksela, 1979) . Notably, Pottle and Shigo 7 (1975) reported that basidiomycetes were absent from 1-year-old red maple [Acer rubrum L. 8 (Sapindaceae)] wounds preventatively treated with T. viride, but decay fungi were present in 80% of 9 untreated control wounds after the same period. Mercer and Kirk (1984b) T. viride was more effective and persisted longer than other biological controls (Mercer and Kirk, 13 1984b ). More recently, Schubert et al. (2008a) demonstrated the ability of a T. atroviride isolate to 14 significantly reduce wood decay infection rates among more than 1,400 wounds treated from 6 15 different broadleaf tree species. 16 
17
Trichoderma spp. (Samuels, 1996) are ubiquitous, globally distributed saprophytes that occur 18 primarily in highly organic soils (Papavizas, 1985) , but they are capable of colonizing a wide range of 19 natural substrates (Klein and Eveleigh, 1998). Many Trichoderma spp. are avirulent plant symbionts 20 (Harman et al., 2004 ) that antagonize phytopathogenic fungi through mycoparasitism (Lorito et al., 21 1996a ), antibiosis (Ghisalberti and Sivasithamparam, 1991) , enzyme production (Markovich and 22 Kononova, 2003) , and competition for resources (Sivan and Chet, 1989) . In most cases, a single 23
Trichoderma spp. isolate simultaneously employs more than one of these antagonistic mechanisms to 24 suppress disease-causing fungi; there are several reports of synergistic enhancement between multiple 25 antagonistic processes and substances (Di Pietro et al., 1993; Lorito et al., 1994a; Lorito et al., 1994b; 26 Lorito et al., 1996b) . In addition to suppressing harmful microbes, soil application of Trichoderma 27 spp. enhances root growth and nutrient uptake efficiency, resulting in increased overall plant growth 28 laboratory conditions that resembled situations expected for landscape application in Singapore. 13 
14

Material and methods 15
Origin of fungal isolates 16
P. noxius isolates were obtained from decayed wood columns that were excised near existing branch 17 pruning wounds on Senegal mahogany and rain tree in Singapore. Among several obtained from these 18 tree species, the most aggressive P. noxius isolate was selected for screening biological control agents 19 based on its superior ability to cause dry weight loss to species-specific sapwood blocks in laboratory 20 tests (data not shown). In total, two P. noxius isolates were selected-one caused maximum dry weight 21 loss to Senegal mahogany and the other to rain tree wood blocks. Separately, 7 Trichoderma spp. 22
isolates were obtained from the fruiting bodies of basidiomycetes colonizing various plant species and 23 organic substrates in Singapore. The identity and origin of fungal isolates used in this study is given in 24 0.008 g NH4NO3, 5 g D-glucose, and 10 g agar; and a basidiomycete selective medium (BSM) 5 modified from Sieber (1995) , with each liter of media containing 50 g MEA, 105.75 mg 6 thiabendazole dissolved in 2 ml of concentrated lactic acid, 200 mg chloramphenicol, and 300 mg 7 streptomycin sulfate. Unless indicated otherwise, cultures were incubated consistently in the dark at 8 28 °C and 50-70% RH on 90 or 50 mm Petri dishes containing approximately 20 or 11 ml, 9 respectively, of media. All plates were inoculated with 8 mm mycelial discs extracted from the 10 actively growing margins of pure cultures on MEA and sealed with plastic paraffin film (Parafilm ® , 11
Pechiney Plastic Packaging, Chicago, IL, USA). 12 
13
Germination and growth rates 14
Growth rates of the Trichoderma isolates were evaluated on MEA and LNA. The LNA was chosen 15 because its higher C:N ratio better replicated the nutritional status of wood (Srinivasan et al., 1992 ) 16 than MEA. To assess growth, 8 mm mycelial discs of Trichoderma were inoculated centrally onto 17 MEA or LNA in a 90 mm Petri dish. Growth rates were determined by recording the average of 2 18 orthogonal fungal culture diameter measurements at regular intervals over a 36-hour period. 19 
20
To determine germination rates, a conidial suspension of each Trichoderma isolate was prepared by 21 flooding mature cultures with sterile water, dislodging conidia by physical agitation, and skimming 22 buoyant conidia from the surface. The concentration of suspensions was assessed using a 23 haemocytometer and adjusted to obtain approximately 10 5 colony forming units (CFU) ·ml -1 . 24
Subsequently, 10 μl of each suspension was placed in 3 separate locations on a single Petri dish 25 containing LNA. Test plates were covered, sealed with paraffin tape, and incubated at constant 26 conditions for 18 hours. After incubation, conidia were observed at 10× magnification with a light 27 microscope (Nikon Eclipse E200, Tokyo, Japan) in 5 randomly selected locations in each Petri dish. 28
The germination rate was calculated for each plate as the average percent of germinated conidia 1 contained in these fields of observation. 2 3
Chlamydospore production 4
To assess the production of thick-walled resting spores during adverse environmental conditions, 5 chlamydospores were counted on 14-day old mature cultures of Trichoderma growing on LNA in a 50 6 mm Petri dish. The number of chlamydospores was determined by counting those observed at 10× 7 magnification in 5 randomly selected locations on each Petri dish using a digital camera system 8 (Nikon Digital Sight DS-Fi1, Tokyo, Japan) attached to a light microscope. The number of 9 chlamydospores on each plate was computed as the average number observed across the different 10 locations. 11
12
VOC inhibition 13
Inhibition of wood decay fungi by volatile organic compounds (VOCs) produced by Trichoderma 14 isolates was evaluated using tests described by Dennis and Webster (1971 
Interaction tests 24
Mycoparasitism was assessed in dual culture and on wood blocks broadly according to Highley et al. 25 (1997) and Schubert et al. (2008a) , respectively. For dual culture tests, 8 mm mycelial discs were 26 removed from 14-day old, actively growing pure cultures of each P. noxius isolate and placed 27 individually at a regular distance (~ 10 mm) from the edge of a 90 mm Petri dish containing MEA.
After incubation for 72 hours, equivalent mycelial discs were removed from 7-day old actively 1 growing pure cultures of each Trichoderma isolate, inserted on a Petri dish opposite the growing 2 wood decay fungus, covered, and sealed. The Petri dishes were incubated under constant conditions 3 for 4 weeks. The ability of Trichoderma isolates to parasitize P. noxius isolates was assessed by 4 removing 6 mycelial discs from the final extent of the wood day fungus culture and placing discs on 5 BSM. The media's inhibition of Trichoderma allowed a selective determination of the lethal effect of 6
Trichoderma isolates, calculated as one minus the percent of these 6 discs yielding P. noxius: 7
where n is the number of mycelial discs 9
10
For wood block interaction tests, wood blocks (10 × 8 × 30 mm) were removed from healthy sapwood 11
in Senegal mahogany and rain tree. Individual wood blocks were oven-dried at 100 °C for 48 hours, 12 cooled in a vacuum desiccator, and weighed using a precision balance. The blocks were subsequently 13 autoclaved twice at 121 °C for 30 min. Each wood block was inoculated by immersion for 10 minutes 14 in a conidial suspension containing 10 5 CFU ·ml -1 of a Trichoderma isolate, 0.2% D-glucose, and 15 0.1% urea. The inoculated wood blocks were incubated at constant conditions in a 50 ml sterile 16 centrifuge tube for 4 weeks. Afterwards, the Senegal mahogany and rain tree wood blocks pre-treated 17
with Trichoderma were placed on a 14-day old pure culture of one P. noxius isolate growing on MEA 18 in a 50 mm Petri dish. Test plates were covered, sealed, and incubated under constant conditions for 19 12 weeks. Untreated, sterilized wood blocks were similarly placed on 14-day old actively growing 20 pure cultures of P. noxius and served as controls. After incubation, the wood blocks were cleaned by 21 removing surface mycelia, oven-dried, cooled, and reweighed. The dry-weight loss was then 22 determined for each wood block on a percentage basis. 23
24
Statistical analysis 25
For all experiments, 5 replicates were maintained of each treatment combination. Since germination 26 rates and chlamydospore counts were not measured under experimentally manipulated conditions, the 27 results were not statistically analyzed but instead presented as descriptive data. The effect of 1 experimental treatments on the measured response was determined using analysis of variance in SAS 2 9.4 (SAS Institute, Inc., Cary, NC, USA). For growth rate bioassays, model fixed effects included 3 media type, Trichoderma isolate, and their interaction. Since the rate of change in culture diameter 4 with respect to time was constant, growth rates were analyzed as the slope of a linear function (Gams 5 and Bissett, 1998) fit to paired observations of culture diameter and time using least squares 6 regression. For the remaining bioassays, model fixed effects included Trichoderma isolates, P. noxius 7 isolates, and their interaction. Given our primary interest in antagonism by Trichoderma isolates, 8 significant interactions were separated to determine differences among Trichoderma isolates within 9 specific levels of the other fixed effect. Mean separation was performed using Dunnett's one-way test 10 and Tukey's honestly significant difference for experiments with and without controls, respectively. 11
12
Results
13
Except for T. reesei 1056TD1, all Trichoderma isolates germinated, on average, at nearly maximum 14 rates between 99 and 100%. Still, light microscopy revealed that a considerable majority (87%) of T. 15 reesei 1056TD1 conidia germinated on LNA. In contrast, there was sizeable variability in the 16 production of chlamydospores among Trichoderma isolates. The average number of chlamydospores 17 observed among 5 randomly-selected visual fields at 10× magnification on each Petri dish ranged 18 between 6 (SD 2) for T. saturnisporum SPH20109132 and 189 (SD 30) for T. virens W23 (Table 2) . 19 20 Overall, there were significant differences in growth rates among Trichoderma isolates (F = 103.46; 21 df = 6, 24; p < 0.001), and these growth rates differed significantly between the 2 media types (F = 22 107.83; df = 1, 24; p < 0.001). Specifically, Trichoderma isolates grew significantly faster on MEA 23 than on LNA (Table 3) . However, Trichoderma isolates and media types interacted significantly to 24 affect growth rates (F = 34.55; df = 6, 24; p < 0.001). There were significant differences in growth 25 rates among Trichoderma isolates growing on both LNA and MEA, but the relative ranking of 26
Trichoderma isolates within each media type was not consistent (Table 3) . Notably, the growth rate of 27 T. virens W23 was significantly slower than all other Trichoderma isolates, except T. virens W26, onMEA, but its growth rate actually increased by 8.0% on LNA to a value not significantly different 1 from the 4 other fastest growing isolates. The growth rate of T. harzianum 9132 decreased marginally 2 by only 2.9% on LNA compared to MEA; the other Trichoderma isolates grew between 11.6 and 3 40.2% slower on LNA (Table 3) . 4 5 Compared to the controls, all P. noxius cultures grew slower, in absolute terms, in the presence of 6
VOCs emitted by Trichoderma. Overall, growth rates of P. noxius varied significantly in the presence 7 of VOCs produced by Trichoderma isolates (F = 5.40; df = 7, 28; p < 0.001), and the growth of P. 8 noxius SSN3P cultures was inhibited significantly more by Trichoderma VOC emission than P. 9 noxius KSK6 (F = 24.14; df = 1, 28; P = 0.008). However, Trichoderma and P. noxius isolates 10 interacted significantly to affect growth rates because VOCs emitted by Trichoderma isolates did not 11 inhibit the 2 P. noxius isolates in a proportionally consistent way; Trichoderma isolates significantly 12 inhibiting one P. noxius isolate did not necessarily inhibit the other equally well. Compared to the 13 controls, 6 Trichoderma isolates caused a significant reduction to the growth rate of P. noxius SSN3P, 14 but only 4 Trichoderma isolates caused similar reductions to P. noxius KSK6 (Table 4) . Separately, T. 15 harzianum 9132 and T. virens W23 caused the greatest inhibition to P. noxius KSK6 and P. noxius 16 SSN3P, respectively (Table 4) . 17 
18
In dual culture tests on MEA, most of the Trichoderma isolates exhibited comparably high 19 antagonistic potential with percent mortality to P. noxius ranging between 80 and 100%. All 20 Trichoderma isolates overspread and colonized the P. noxius cultures; none were deadlocked in 21 distant confrontation or evaded by the wood decay fungus. Overall, there were no significant 22 differences in the percent mortality of P. noxius challenged by various Trichoderma isolates in dual 23 culture tests (F = 0.98; df = 6, 12; p = 0.479), and there were no significant differences in the 24 susceptibility of the 2 P. noxius isolates to antagonism by Trichoderma (F = 0.61; df = 1, 12; p = 25 0.517). However, Trichoderma and P. noxius isolates interacted significantly to affect percent 26 mortality (F = 3.25; df = 6, 12; p = 0.039). Although the lethal effect of various Trichoderma isolates 27 towards P. noxius SSN3P in dual culture did not vary significantly, the same was not true for P.noxius KSK6. Specifically, the percent mortality of P. noxius KSK6 confronted by T. harzianum 9132 1 was significantly less than that caused by the other Trichoderma isolates (Table 5).  2   3 Overall, dry weight loss of wood blocks varied significantly according to their pre-treatment with 4
various Trichoderma isolates (F = 7.65; df = 7, 28; p < 0.001), and pre-treatment with Trichoderma 5 isolates gave significantly better protection against decomposition by P. noxius SSN3P than P. noxius 6 KSK6 (F = 20.52; df = 1, 28; p = 0.011). The interaction between Trichoderma and P. noxius isolates, 7 however, was not significant (F = 1.11; df = 7, 28; p = 0.386) because Trichoderma isolates inhibited 8 decomposition by the 2 P. noxius isolates similarly. Compared to the controls, pre-treatment with 6 9 different Trichoderma isolates caused a significant reduction to the dry weight loss of wood blocks 10 inoculated with P. noxius. Among all isolates, T. harzianum 9132 offered the greatest protection to 11 wood blocks against decomposition by P. noxius, and T. virens W26 was the only isolate that did not 12 significantly inhibit wood block decomposition compared to the controls (Table 6) . 13 
14
Discussion
15
Despite apparent variability, all of the Trichoderma isolates tested in this study antagonized both P. consistently superior among all others in its ability to antagonize P. noxius across every bioassay. In 20 addition, the presence of Trichoderma caused a greater reduction to the growth (Table 4) and wood 21 decay rates ( reported that an unmodified conidial suspension and another amended with glucose and urea persisted 11 equally well on tree wounds over a 30-month period. In addition, high germination rates for 12 introduced conidia valuably limits the availability of dead propagules as a nutrient source to other 13 deleterious microbes that might interfere with biological control by competing with Trichoderma or 14 infecting the plant host (Harman et al., 1991) . 15 
16
In contrast, however, there was considerable variability in the production of chlamydospores among 17
Trichoderma isolates ( (Table 3) . Although difficult to demonstrate experimentally (Harman, 2000) , 3 competition for space and nutrients is likely an important mechanism for biological control by 4
Trichoderma. 5 6
It is useful to note that germination and growth rates were determined under constant environmental 7 conditions chosen to replicate typical values for Singapore. At this location, the climate is 8 representative of the equatorial tropics with stable temperatures ranging daily between 24° and 32° C, 9 abundant rainfall approaching 250 cm annually, and elevated humidity between 60 and 90% 10 (Micheline and Ng, 2012). In general, the optimum temperature for the growth of many Trichoderma 11 spp. is between 25° and 30° C (Klein and Eveleigh, 1998). There is considerable experimental 12 evidence that Trichoderma germination and growth rates are proportional to water activity and reported that soluble metabolites and volatile antibiotics were produced in significantly greater 9 quantities by Trichoderma growing on MEA. As a result, the results from this test preclude 10 discrimination among candidate Trichoderma isolates for biological control, but there was much 11 greater variability in the protection afforded by various Trichoderma isolates to wood blocks against 12 decay by P. noxius. 13 
14
In this study, almost all Trichoderma isolates significantly inhibited wood decay by P. noxius 15 compared to the controls (Table 6) Second, a fraction of the total dry weight loss to wood blocks was probably caused by the 22 decomposition of non-structural carbohydrates by Trichoderma (Klein and Eveleigh, 1998). Still, the 23 significant reductions to the dry weight loss of wood blocks shows the strong antagonistic potential of 24 several Trichoderma isolates, especially T. harzianum 9132 (Table 6) . 25
26
After incubation for 12 weeks, the percent dry weight loss to control wood blocks inoculated with P. 27 noxius KSK6 and SSN3P was much greater than reported for balsa [Ochroma pyramidale (Cav. ex results demonstrate the importance of using species-specific wood substrates to represent the host-5 fungus interaction in which Trichoderma must intercede as a biological control agent, and this 6 distinction gives confidence to the observations made on Senegal mahogany and rain tree wood 7 blocks in this study. 8 9 In this study, the systematic investigation of 7 Trichoderma isolates demonstrated their promising 10 antagonism towards P. noxius. Although the 2 P. noxius isolates differed in their susceptibility, 11
several Trichoderma isolates showed a significant ability to inhibit growth and reduce decomposition 12 by this aggressive wood decay fungus. None of the Trichoderma isolates increased the activity of P. (SD) . Within right-hand column, asterisks (*) indicate a significant reduction in dry weight loss compared to the control at the α = 0.05 level. Means followed by the same letter within the bottom row are not significantly different at the α = 0.05 level. See Table 1 for the taxonomic identity of fungal isolates. In one dual culture test, T. harzianum W21 (bottom) overgrew P. noxius KSK6 (top) during confrontation. The distribution of T. harzianum W21 over the wood decay fungus is evident by its green conidia, likely formed in response to its antagonistic interaction with P. noxius KSK6.
